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SUMMARY
Ross River virus (RRV) infection is the most common notiﬁable vector-borne disease in
Australia, with around 6000 cases annually. This study aimed to examine the relationship
between climate variability and notiﬁed RRV infections in the Riverland region of South
Australia in order to set up an early warning system for the disease in temperate-climate regions.
Notiﬁed data of RRV infections were collected by the South Australian Department of Health.
Climatic variables and monthly river ﬂow were provided by the Australian Bureau of
Meteorology and South Australian Department of Water, Land and Biodiversity Conservation
over the period 1992–2004. Spearman correlation and time-series-adjusted Poisson regression
analysis were performed. The results indicate that increases in monthly mean minimum and
maximum temperatures, monthly total rainfall, monthly mean Southern Oscillation Index and
monthly ﬂow in the Murray River increase the likelihood, but an increase in monthly mean
relative humidity decreases the likelihood, of disease transmission in the region, with diﬀerent
time-lag eﬀects. This study demonstrates that a useful early warning system can be developed for
local regions based on the statistical analysis of readily available climate data. These early
warning systems can be utilized by local public health authorities to develop disease prevention
and control activities.
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INTRODUCTION
Ross River virus (RRV) infection is the most common
arboviral disease in Australia, with around 6000 cases
notiﬁed to health authorities every year [1]. RRV
causes a non-fatal disease in humans, and it has been
estimated that between 70% and 90% of people
infected with RRV have either mild symptoms or no
symptoms at all [2]. The typical features of RRV in-
fection are joint pain and swelling (mainly in the ex-
tremities), lethargy, myalgia, rash (involving the trunk
and limbs), fever, headache and depression [3–6].
With thousands of cases occurring in Australia each
year, the burden of this disease to Australian society
is signiﬁcant. For example, the direct and indirect
health costs are estimated in the tens of millions of
* Author for correspondence : Dr P. Bi, Senior Lecturer in
Epidemiology, Discipline of Public Health, the University of
Adelaide, Adelaide, SA 5005, Australia.
(Email : peng.bi@adelaide.edu.au)
Epidemiol. Infect. (2009), 137, 1486–1493. f Cambridge University Press 2009
doi:10.1017/S0950268809002441 Printed in the United Kingdom
dollars per year, and this is without taking into ac-
count the signiﬁcant but intangible costs of the
pain and suﬀering associated with individual cases
[3, 7].
The virus has been isolated from more than 40
species of mosquito. Being a mosquito-borne disease,
the distribution of RRV infection is likely to be clos-
ely tied to environmental conditions, as the avail-
ability of habitat and factors such as rainfall and
temperature have a large inﬂuence on mosquito popu-
lations. The disease is endemic in tropical regions
of Australia, where the climate is conducive to mos-
quito breeding during the wet season. In the more
temperate southern regions of Australia, the disease
occurs relatively infrequently outside of epidemics,
although the state of South Australia has reported
RRV infections since the 1970s [8–10].
Many studies have examined the relationship be-
tween climate variability and RRV infections in dif-
ferent regions of Australia, most focusing on areas
in northern Australia, such as the tropical regions
of Queensland, the Northern Territory and Western
Australia [7, 11–18]. Because domain vectors are
probably diﬀerent in various regions, climatic con-
ditions in the regions are likely to play diﬀerent
roles in RRV transmission due to the sensitivity of
diﬀerent vectors to various climatic factors. In coastal
regions, for example, sea level plays an important
role in the growth and propagation of saltmarsh
mosquitoes while rainfall levels play a more signiﬁ-
cant role in inland areas where freshwater mosquitoes
dominate as the vectors, together with temperature
[1, 15].
Recent descriptive epidemiological studies of RRV
infection in South Australia suggested that almost
40% of the cases occurred in the Riverland region
[19, 20]. There have been no reports examining the
impact of climate variation on RRV transmission
in this state, where the climate is characterized by
warm-to-hot, dry summers and cool-to-mild winters.
We conducted this study, with regard to potential
global warming and its impact on population health.
In order to assess those climatic variables which
may provide a basis for disease prediction and
for health education, we undertook this analysis
of RRV incidence in Riverland, a discrete rela-
tively dry region dominated by the River Murray,
which intermittently ﬂoods leaving large inundated
areas.
Ethical approval for the study was obtained from
the University of Adelaide Ethical Committee.
MATERIALS AND METHODS
Background information
South Australia is a state in southern Australia, with
a population of about 1.5 million. The Riverland
region takes in the northwestern reaches of the
Murray River, and follows the river west from South
Australia’s Eastern border to Blanchetown, including
the towns of Waikerie, Barmera, Loxton, Berri and
Renmark (Fig. 1). The total population in Riverland
was 41543 according to the 2001 census. The region is
about 160–250 km from Adelaide, the capital city of
South Australia.
Data collection
RRV infection is a notiﬁable disease in South
Australia. Disease data were obtained from the South
Australian Department of Health, including labora-
tory-conﬁrmed cases of RRV infection notiﬁed be-
tween January 1992 and December 2004 (the study
period). Both the place of residence and presumed
place of infection is routinely collected via the disease
notiﬁcation form in the South Australian Department
of Health.
Monthly climate data over the study period, in-
cluding mean maximum and minimum temperatures,
mean relative humidity at 09:00 and 15:00 hours,
total rainfall and Southern Oscillation Index (SOI)
[21], were obtained from the Australian Bureau of
Meteorology. There are two weather stations in the
Riverland region, Loxton and Renmark, which are
closely located. Loxton weather station has a longer
history and has fewer missing weather records over the
study period. The Australian Bureau of Meteorology
advised that the records for Loxton during the study
period would be adequate to describe the climate in
the Riverland region.
River Murray, the principal river in Australia runs
across the region. Monthly River Murray ﬂow data,
which relate to river height and potential ﬂooding,
were provided by the South Australian Department of
Water, Land and Biodiversity Conservation for the
study period.
Data analysis
The relationship between climatic variables, includ-
ing total monthly River Murray ﬂow, and monthly
incidence of the disease was examined. Spearman’s
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correlation [22] was used to correlate the relationship
between monthly climatic variables and the number
of RRV disease cases with a lag of 0–4 months.
The outcome variable (notiﬁed number of cases)
follows an approximate Poisson distribution with
autocorrelation between both dependent and in-
dependent variables. Therefore, Poisson regression
models adjusted for autocorrelation, seasonality and
lag eﬀects were used to quantify the relationship be-
tween climatic variables and the number of cases [23].
Given the seasonal distribution of the disease, a tri-
angular function sin(2pt/12) was included in the
model to control for seasonality [24]. To control for
the potential long-term trend of the number of cases
over the study period, a year variable was included
using the onset year of cases. All climatic variables
with various lags signiﬁcantly correlated with the
cases of RRV infection were included in the primary
model. A stepwise method was used in the regression
analysis as long as there was a signiﬁcant improve-
ment. The diagnostic of the model was performed by
R2, plotting of residuals and comparison of goodness-
of-ﬁt of the model with and without the weather
variables. The primary Poisson regression model








where t represents time in months.
Data from 1992 to 2003 were used to develop the
model and 2004 data were used to test the forecasting
ability of the model. Data analyses were performed
with Stata 8.0 [25]. The signiﬁcant level a=0.05 was
used in the analysis.
RESULTS
The distribution of notiﬁed RRV infections in
Riverland, 1992–2004
There were four epidemics of notiﬁed RRV infections































Fig. 1. Location of the Riverland region in South Australia.
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2001. There was a seasonal distribution over the study
period, with most of the cases occurring in summer
and autumn (December–April).
Weather patterns in Riverland over the study period
The monthly mean minimum and maximum tem-
peratures over the study period were 8.8 xC and
22.7 xC, respectively. Monthly mean total rainfall was
22.1 mm (range 0–93.4 mm).
Spearman’s correlation analysis
Correlation analyses were calculated betweenmonthly
climate variations and monthly notiﬁed incidence of
RRV infection (Table 1).
The results in Table 1 indicate that monthly mean
maximum and minimum temperatures, SOI, monthly
total rainfall and monthly total ﬂow of Murray River
were positively correlated, while relative humidity was
negatively correlated with the monthly notiﬁcation
of RRV infections over the study period, with lagged
eﬀects from 0 to 2 months.
Regression analysis
The relationship between the correlated climatic vari-
ables listed above and monthly notiﬁcation of the
disease was examined by time-series-adjusted Poisson
regression adjusted for autocorrelation, seasonality
and lagged eﬀect. Due to the high correlation between
monthly mean minimum and maximum temperatures
and between relative humidity at 09:00 and 15:00
hours, two models were set up for consideration
of multicollinearity with model 1 having minimum
temperature and humidity at 15:00 hours, and model
2 having maximum temperature and humidity at
09:00 hours. The results of model 2 are not presented
in this paper due to the similarity of the results with
those of model 1 (Table 2).
The analysis presented in model 1 indicates that
after controlling for seasonal variation, monthly
mean SOI (2-month lags), minimum temperature,
rainfall (1-month lag) and river ﬂow (2-month lags)
had a positive association while relative humidity
took a negative association with the notiﬁed RRV
infections. The number of notiﬁed cases of RRV in-
fection that occurred in a given month was also as-
sociated with the number of cases in the previous
month (Table 2). The diagnostics of the model
showed randomly distributed residuals while the R2
of the model was 0.71 indicating that 71% of the
variance in the incidence of RRV can be explained by
the variables included in the model. Figure 2 illus-
trates the goodness-of-ﬁt of model 1 with and without
weather variables, demonstrating that the model
without the weather variables gives a considerably less
goodness-of-ﬁt (R2=0.27) and is able to estimate the
four peak values in epidemic years (Fig. 2).
Forecasting vs. notiﬁed cases in Riverland 2004
(Fig. 3)
Figure 3 demonstrates that the predictive model with
weather variables has a much better prediction for
notiﬁed number of cases than model without the
weather variables. It may be a useful guide for the
prediction of a potential epidemic in the Riverland
region of South Australia in 2004; it had the capacity
to predict variations of the number of cases in 2004 in
the region.
DISCUSSION
As for other mosquito-borne viruses, the transmission
of RRV is inﬂuenced by environmental conditions.
The availability of appropriate environmental niches,
rainfall, temperature and high tides contribute to the
growth and development of mosquito populations,
and then to virus transmission. Diﬀerent mosquito
species have been implicated as vectors for RRV
transmission in diﬀerent regions of Australia. The
major vector in inland regions is the freshwater species
Culex annulirostris, while in coastal regions Aedes
camptorhynchus and Aedes vigilax are considered the
Table 1. Spearman’s correlation coeﬃcients between
Ross River virus cases, ﬂow of Murray River and





River ﬂow 0.316 <0.001 2
Max_Temp 0.390 <0.001 1
Min_Temp 0.422 <0.001 1
Rainfall 0.251 <0.001 1
Humidity_09:00h x0.301 <0.001 1
Humidity_15:00h x0.322 <0.001 0
SOI 0.344 <0.001 2
SOI, Southern Oscillation Index.
Climate variability and Ross River virus infection 1489
principal vectors [1, 3, 26]. Because of the diﬀerent
ecological characteristics of diﬀerent species of mos-
quitoes, diﬀerent vectors may be favoured as the
weather changes. Maximum and minimum tempera-
ture, rainfall, relative humidity, SOI and high tides
should all be considered [11, 18].
We have examined the eﬀect of climatic variables
on notiﬁed RRV infections in Riverland, an inland
area which includes the Murray River and has the
highest notiﬁed incidence of RRV in South Australia
[19, 20]. The results indicate that monthly mean mini-
mum (or maximum) temperatures, monthly total
rainfall, and monthly mean SOI have positive associ-
ation, but monthly mean relative humidity has a
negative association with notiﬁed RRV cases in this
inland region with temperate climate. The predictive
model derived from historic data indicates that these
models have an excellent goodness-of-ﬁt. This is
the ﬁrst such report on RRV in an Australian tem-
perate climate zone and the ﬁndings are consistent
with previous Australian studies [11–18]. In addition,
we have run diﬀerent models with and without
weather variables, showing that the model without
the weather variables demonstrates a much worse
goodness-of-ﬁt. Furthermore, the predictive model
with weather variables has a much better prediction
for notiﬁed number of cases than model without the
weather variables. This again demonstrates that
weather variables make a great contribution to RRV
infections.
In addition to these climatic factors, we also found
for the ﬁrst time that the monthly ﬂow of the Murray
River (as a surrogate measure of ﬂooding) has a
positive association with notiﬁed RRV infections in
the Riverland region. This has not been reported pre-
viously. As the principal river of Australia, theMurray
River (2589 km long) rises in the Australian Alps,
Southeastern New South Wales, and ﬂows westward
to form the New South Wales–Victoria boundary,
and then ﬂows southwest across the state of South
Australia through Lake Alexandrina and into the
Southern Ocean. Used primarily for irrigation of
Table 2. Final parameters from adjusted Poisson regression model 1 (minimum temperature and humidity
at 15:00 hours)
Cases Coeﬃcient S.E. Z P>|z| 95% CI
Lag1_case* 0.0140 0.0008 16.53 <0.001 0.0124 to 0.0157
Lag1_River ﬂow 0.0009 0.0001 9.67 <0.001 0.0007 to 0.0011
Lag2_River ﬂow 0.0002 0.0001 2.23 0.026 0.00002 to 0.00035
Min_Temp 0.0754 0.0155 4.88 <0.001 0.0451 to 0.1057
Lag1_Rainfall 0.0182 0.0017 10.53 <0.001 0.0148 to 0.0215
Lag2_SOI 0.0230 0.0047 6.30 <0.001 0.0206 to 0.0392
Humidity_15:00h x0.0383 0.0077 x4.94 <0.001 x0.0534 to -0.0230
Sin(2pt/12) 1.5282 0.1054 14.50 <0.001 1.3216 to 1.7349
Constant 0.0016 0.3642 0.00 0.996 x0.7121 to 0.7154
SOI, Southern Oscillation Index.
* Lag1_case, number of cases occurring 1 month prior ; Lag1_River ﬂow, river ﬂow occurring 1 month prior ; Min_Temp,
mean monthly minimum temperature ; Lag1_Rainfall, total monthly rainfall occurring 1 month prior ; Lag2_SOI, SOI
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Fig. 2. Notiﬁed vs. expected number of Ross River virus cases by model 1 in Riverland, 1992–2003.
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vines, fruits, and vegetables in South Australia, New
South Wales and Victoria, the river also supports
a variety of water-based recreational activities. Ob-
viously, clarifying the impact of the river ﬂows, as
well as climatic variables, on RRV infections in the
region is very important, given the agricultural sig-
niﬁcance for Australia. Unfortunately, there have
been no systematic studies of RRV in the entire
Murray Valley except that conducted by Woodruﬀ
and colleagues [11]. In the present study, we were
unable to identify the relationship between localized
ﬂooding and mosquito numbers – no systematic mos-
quito surveillance data are available in the Riverland
region of South Australia. Clearly, more studies
should be performed in other states in the region, e.g.
New South Wales and Victoria where additional
mosquito-trapping data are more likely to be readily
accessible.
Higher temperatures, within limits, might lead to
more rapid development of larvae, shorter times be-
tween bloodmeals, and shorten the extrinsic incu-
bation period for viral infections within mosquitoes.
As a result, increases in temperature may allow mos-
quito populations to reach higher levels faster and to
be maintained for longer, thereby perhaps increasing
the opportunities for viral transmission [1, 27]. Higher
temperatures might also change human behaviour
including creating more outdoor activities such as
ﬁshing and swimming, which will increase exposure
opportunities. Furthermore, higher minimum tem-
perature might assist larvae survival in winter.
Rainfall plays an important role in the transmission
of RRV, as mosquitoes require water to support the
larval and pupal stages of development. The strong
association with rainfall is consistent with ﬁndings
of other studies that have examined environmental
factors and RRV disease incidence elsewhere in
Australia. For example, in the Northern Territory,
summer rainfall has been found to be a good predic-
tor of increased risk of RRV disease [28] ; an epidemic
of RRV disease in Western Australia in 1991/1992
followed a dramatic increase in late spring and summer
rainfall [16], and in Queensland rainfall was found
to be an important factor in the transmission of RRV,
particularly in coastal regions [14, 15]. The 1-month
lagged eﬀect in this study indicates that rainfall in
spring in South Australia plays an important role
in disease transmission in Riverland and therefore
potentially in other regions with a similar climatic
pattern.
The SOI has been found to be a useful predictor for
rainfall [21], with positive values of the SOI associated
with higher rainfall. An analysis of the SOI data used
in this study found a highly signiﬁcant association
(r=0.27,P=0.007) between SOI and rainfall in River-
land, therefore one would expect to ﬁnd that the re-
lationship between SOI and notiﬁed RRV incidence
in Riverland is similar to that found for rainfall and
disease incidence. This was indeed the case, with
relatively high SOI values in spring and summer as-
sociated with relatively high levels of notiﬁed disease
incidence in summer and autumn, respectively.
A reverse relationship between relative humidity
and RRV transmission was discovered in the present
study. This probably reﬂects the climatic patterns/
characteristics in South Australia in which the sum-
mers, when RRV transmission is greatest, are hot
and dry with lower relative humidity. This unique
climatic characteristics makes the relationship be-
tween relative humidity and RRV transmission in
South Australia diﬀerent from other states such as
Queensland, where higher relative humidity ac-
companies higher temperatures in summer [7, 13].
The regression models indicate that the number of
new cases in a given month is related to the number of
cases in the previous one. This may provide an indi-
cator for local community and health authorities.
Readily available data already collected via routine
disease notiﬁcation systems could be used by both
local and state authorities to guide preventative
measures, such as warning and educating local
communities to conduct relevant health promotion
campaigns in order to change people’s behaviours,
e.g. swimming and ﬁshing, as soon as an increase in
cases is detected.
In contrast to most state disease notiﬁcation sys-
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Fig. 3. Predicted vs. notiﬁed RRV infections in Riverland in
2004 using model 1 (minimum temperature+relative hu-
midity). —, Reported cases ; ......., predicted with weather
variables ; - - - -, predicted without weather variables.
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include the place of probable acquisition of the dis-
ease (there were diﬀerences in the dataset between
‘place of acquisition’ and ‘place of residence’). This
helps to overcome the shortcoming of only recording
the place of notiﬁcation in most disease surveillance
systems [29]. This is very important for disease control
and prevention and is an advantage of the present
study. Such reﬁnement in data collection should be
applied to relevant disease surveillance systems else-
where.
Global warming already has brought, and will con-
tinue to bring about, challenges to public health and
communicable disease control and prevention sys-
tems including RRV infection, given the predictions
for temperature increases in much of Australia [30].
Therefore, closer monitoring of temperature variables
may prompt timely relevant infectious disease pre-
vention mechanisms.
It should be acknowledged that the ecology of RRV
is very complicated. Many environmental factors,
host factors, animal and human susceptibility to RRV
infection, and human behaviours all inﬂuence mos-
quito populations, and the degree of contact between
human beings and vectors. As systematic mosquito
data were not available in this region, this study only
focused on climatic variables and therefore the model
from this project is not perfect. For instance, there
was an over-prediction in 1994 and 2001 as shown in
Figure 2. Therefore additional studies, which incor-
porate more variables such as density of mosquitoes
[12, 18, 31] and reservoirs such as marsupials could
lead to new insights [6].
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